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ABSTRACT
The vortex rope and pressure pulsations caused by a radial pressure gradient in the conical diffuser
of a swirl generator is controlled using continuous slot jets with different momentum fluxes and
angles injected from the runner crown. The swirl apparatus is designed to generate flows similar
to those in the different operating conditions of a Francis turbine. The study is done with numer-
ical modelling using the hybrid URANS-LES (Unsteady Reynolds-Averaged Navier–Stokes–Large
Eddy Simulation) method with the rotor–stator interaction. The comprehensive studies of Javadi
and Nilsson [Time-accurate numerical simulations of swirling flow with rotor–stator interaction.
Flow, Turbulence and Combustion, Vol. 95, pp. 755–774], and Javadi, Bosioc, Nilsson, Muntean and
Susan-Resiga [Experimental and numerical investigation of the precessing helical vortex in a conical
diffuser, with rotor–stator interaction.ASME Journal of Fluids Engineering, doi:10.1115/1.4033416] are
considered as the bench mark, and the capabilities of the technique is studied in the present work
with the validated numerical results presented in those studies. The pressure pulsations caused by
the pressure gradient generated by the swirl, present at off-design conditions, are cumbersome for
hydropower structures. The investigation shows that the pressure pulsation, velocity fluctuations
and the size of the vortex rope decrease when the jet is injected from the runner crown. The flow
rate of the jet is less than 3% of the flow rate of the swirl generator. The momentum flux, angle of
injection of the jet and the position of the slot are important factors for the effectiveness of the flow
control technique.
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1. Introduction
A main source of loss in Francis turbines is the on-
axis stagnant region and the ensuing helical vortex rope
in the draft tube. The flow in water turbines operat-
ing at the best efficiency point condition has a moder-
ately low level of swirl forming a stable on-axis structure
(Javadi, Bosioc, Nilsson,Muntean, & Susan-Resiga, 2016;
Javadi & Nilsson, 2015a). The flow at conditions away
from the best efficiency point often contains a high
level of swirl which may cause a recirculation region.
The recirculation region may break down the stable on-
axis structure formed at the best efficiency point. This
vortex breakdown initiates a so-called precessing heli-
cal vortex rope. Prevention of the vortex breakdown or
mitigation of the pressure pulsations can significantly
enhance the stability of the flow and decrease the level
of unsteadiness in the draft tube. Nishi, Wang, Yoshida,
Takahashi, and Tsukamoto (1996) used fins to mitigate
the pulsation in the draft tube. They showed that using
fins on the draft tube wall may increase the operating
range of a Francis turbine. Kjeldsen, Olsen, Nielsen and
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Dahlhaug (2006) proposed a method to decrease the
pressure pulsations in a Francis turbine draft tube by
injecting high speed water jets from distributed positions
from the draft tube walls. The jets were injected circum-
ferentially and yawed downstream with respect to the
machine axis. The volume flow rate of the water used
is however very high in that method, which decreases
the efficiency of the machine. Recently, the injection of
a continuous jet from the runner crown centre was stud-
ied by Susan-Resiga, Muntean, Hasmatuchi, Anton, and
Avellan (2010), Susan-Resiga, Vu, Muntean, Ciocan, and
Nennemann (2006), and Tănasă, Bosioc, Muntean, and
Susan-Resiga (2013). The method mitigates the pres-
sure drop in the draft tube and removes the vortex rope
by flushing it downstream with the jet. This leads to
a remarkable reduction of the pulsations in the draft
tube, but still at the cost of a high flow rate in the jet.
Tănasă et al. (2013) used a flow-feedback method with
the water taken from downstream in the draft tube to
keep the nominal discharge constant. Rusak, Granata,
and Wang (2015) studied a flow injection distributed
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along a finite-length straight circular pipe wall to con-
trol the vortex breakdown process in incompressible
axisymmetric swirling flows. They demonstrated that
applying the proposed control method during flow evo-
lution is successful in eliminating the breakdown states.
All the research works mentioned above were performed
experimentally, which is accurate but more expensive
than numerical investigations of similar flow fields.
Large Eddy Simulation (LES) is very expensive for
wall-bounded flows at practical Reynolds numbers.
The hybrid URANS-LES (Unsteady Reynolds-Averaged
Navier–Stokes–LES) approach is a mix of URANS and
LES modes. This approach removes the requirements
of fine resolutions in wall-parallel directions for a
well-resolved LES. Javadi and Nilsson (2014a) stud-
ied the Scale-Adaptive Simulation (SAS) (Menter &
Egorov, 2010) approach in highly swirling flows and
reported that the approach predicts the massively sepa-
rated swirling flows verywell. Detached-Eddy Simulation
(DES) (Spalart, Jou, Strelets, &Allmaras, 1997) is another
promising hybrid URANS-LES strategy which is studied
for application to swirling flows (Javadi &Nilsson, 2015a,
2015b; Javadi et al., 2016). The Delayed DES (DDES)
methodology was proposed by Spalart et al. (2006) to
identify the boundary layer thickness and to extend the
URANS mode compared to that of the initially pro-
posed DES methodology. DDES protects the bound-
ary layer from the LES mode even if a coarse wall-
parallel grid spacing would normally activate the DES
limiter (Spalart, 2009). This method is appropriate for
flows with large internal structures at practical Reynolds
numbers. Javadi and Nilsson (2015a) studied the high-
and low-Reynolds number models and the DDES and
LES models in a flow similar to that in a Francis tur-
bine operating in the part load condition. The hybrid
URANS-LES simulations were up to two orders of mag-
nitudemore expensive than thosewith the eddy-viscosity
models. They concluded that DDES coupled with the
Spalart–Allmaras (DDES-SA) among different hybrid
URANS-LES models offers the best results. They also
concluded that the DDES-SA model plausibly predicts
the highly swirling turbulent flow in hydraulic machin-
ery. The precession happens far from the wall effects,
and thus the DDES method is an applicable approach for
highly swirling flows (Javadi & Nilsson, 2015a). Javadi
and Nilsson (2015b) showed that the DDES method is
still sensitive to wall-parallel grid spacing and, in the
case of coarse spacing, the method does not switch to
the LES mode at all. Wunderer and Schilling (2008) used
DES to study active flow control in hydro turbines. They
showed that guide vanes, pitching with appropriate fre-
quencies and amplitudes, could reduce the total pressure
drop in radial turbines. The linear eddy-viscosity models
are not appropriate for such flows because they do not
detect the phase lag between the Reynolds stresses ten-
sor and the strain rate. The nonlinear eddy-viscosity and
second moment closure models are not robust for such
complex flows. Bernardini, Salvadori, Martelli, Paniagua,
and Saracoglu (2013) studied the effects of continuous
and pulsating coolant blowing from a high pressure tur-
bine vane trailing edge and ended up with a geometrical
parameter study of the jets. Liu andWang (2011) studied
the effect of flow separation control using synthetic jets
on the performance of a low pressure turbine blade. They
showed that the synthetic jet can effectively suppress
or even eliminate flow separation on the blade suction
surface.
A successful flow control approach should target the
momentum deficit near the axis but not close to the
wall. In the present study, continuous slot jets with dif-
ferent axial and tangential momentum fluxes (ρUnA·U)
are injected from slots with surface area A at different
positions of the runner crown. The purpose is to utilize
a small flow rate to manipulate the boundary layer at the
crown to prevent the initiation of a vortex rope in the first
place. In terms of a massive separation from the crown, a
jet located more in the upstream controls the flow more
effectively. To achieve this, various continuous slot jets
with different angles (tan−1 Uθ /Ua) are injected in differ-
ent operating conditions. The runner rotational speeds
are 400 and 920 rpm, at which the flow field contains a
strong vortex rope. The vortex rope counter-rotates with
the runner at 400 rpm and co-rotates with the runner at
920 rpm. The jets are injected in a direction opposite to
that of the main swirl of the flow. The study is performed
with the DDES-SA turbulence model and the results are
compared with the results of Javadi and Nilsson (2015a),
and Javadi et al. (2016).
2. Flow configuration and computational
aspects
The details of the swirl generator and the base cases, with-
out flow control, are given by Bosioc, Muntean, Tanasa,
Susan-Resiga, and Vékás (2014). Figure 1(a) shows the
studied swirl generator schematically. The swirling flow
entering the convergent–divergent section (inlet diame-
ter 100mm, length 200mmwith the angle of 17◦) is very
similar to that of a Francis turbine model (Susan-Resiga
et al., 2007). This is achieved by using a combination of
fixed guide vanes and a runner (hub/shroud diameters
90/150mm) rotating at a runaway speed of 920 rpm for
a discharge of 30 L/s. The guide vanes produce a tangen-
tial velocity component, yielding a total pressure decrease
from shroud to hub. The axial velocity produced by the
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guide vanes is given by
Ua(r) = UGa,hub
(
r
Rhub
)− cos2α
, (1)
where r is radial position, and α is the flow angle which is
constant after the guide vanes. UGa,hub is the axial velocity
produced by the guide vanes close to the hub and given
by
UGa,hub = U¯a
(
Rtip
Rhub
)2 − 1(
Rtip
Rhub
)1+sin2α − 1
1 + sin2α
2
, (2)
where U¯a is bulk velocity in the guide vanes.
The runner blades are designed to distribute the total
pressure by increasing the axial velocity near the shroud,
with a corresponding deficit near the hub, to mimic the
swirl in a Francis turbine operating at partial discharge.
The runner acts as a turbine near the hub and as a pump
near the shroud, thus providing a corresponding total
pressure increase from hub to shroud. The axial velocity
exiting the runner is given by
Ua(r) = URa,hub
(
r
Rhub
)− cos2β
+ ωr
(
sin 2β − (1/2) sin 2α sin2β)
1 + cos2β
×
[
1 −
(
Rhub
r
)1+cos2β]
, (3)
where ω is the angular velocity of the runner and β is
the angle of the flow after the runner. For the details of
the derivations see Susan-Resiga, Muntean, Tănasă, and
Bosioc (2008).
Since the runner is not shrouded, there is a tip clear-
ance of about 0.008% of the runner radius. A spe-
cial acquisition and a magneto-rheological brake system
were designed and implemented to measure the run-
ner speed and to generate different flow regimes (Bosioc
et al., 2014). If the runner rotational speed decreases
from 920 via 700 down to 600 rpm, the swirl vanishes
and the vortex rope disappears. If the rotational speed
further decreases to 400 rpm, the swirl changes direc-
tion and the vortex breaks down (Javadi, Bosioc, Nilsson,
Muntean, & Susan-Resiga, 2014; Javadi et al., 2016). At
these two regimes, 920 and 400 rpm, the vortex rope is
well developed and generates large pressure pulsations.
The Reynolds number based on the throat bulk velocity
and diameter is Re = 3.81×105. The experimental sur-
vey axes for LDA measurements W0, W1 and W2 (see
(a) (b)
Figure 1. (a) Schematic view of the swirl generator. The results are compared at cross sectionsW1–W2. (b)Mesh used in the simulations.
The positions of Jet 1 and Jet 2 are depicted. Jet 1 is located at the crown tip and Jet 2 is located 20mm upstream the tip.
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Figure 1(a)) are perpendicular to the wall, and start at the
wall. The validated numerical results in the two regimes
are presented by Javadi et al. (2016) and referred as ‘base
flow’ in the current study. The experimental data are
gathered in single-phase (non-cavitating) conditions by
keeping the test rig pressurized at a large enough pressure
level.
The flow is manipulated using a continuous slot jet at
the runner crown, at the two operating conditions 400
and 920 rpm.The effects of themomentumflux, the angle
of injection and the location of the slot jet are investigated
using seven cases. The two locations of the circumferen-
tial slot jet are shown in Figure 1(b). Jet 1 is at the crown
tip and Jet 2 is located 20mm upstream of the tip. The
jet emanating components, (radial, tangential, axial) =
(U+r ,U
+
θ ,U
+
a ), are normalized by the throat bulk veloc-
ity,Ub = 3.81m/s, and are given in Table 1 together with
the jet-to-total flow rate ratio.
The investigation presented herein is performed using
the finite-volume method in the FOAMő-extend-3.0
CFD code. A blended numerical scheme is used for the
convective terms. The blended scheme is a combina-
tion of linear-upwind differencing in the URANS region
and a limited linear Total Variation Diminishing (TVD)
schemewith a conformance coefficient in the LES region.
The convection term in the LES region is interpolated by
10% linear-upwind differencing and 90% central differ-
encing. The mesh configuration is the same as the base
case (Javadi et al., 2016) except for the jet slot as an extra
patch and a finer resolution in its vicinity. Figure 1(b)
shows themesh resolution used in the present study, with
a total of 16×106 cells.
Javadi and Nilsson (2014b) studied a mesh refinement
in a flow similar to the current ones and reported that this
resolution is fine enough to capture the vortical structures
in the field. Furthermore, they showed that the DDES
method switches to the LES mode at a reasonable dis-
tance from the wall. The wall-normal mesh resolution
unit y+ is defined as
y+ = u∗y/ν, u∗ =
√
τw/ρ, τw = μ
(
∂u
∂y
)
, (4)
where u∗ is the friction velocity and τw is the wall shear
stress. The maximum dimensionless wall unit, y+max =
7.2, in the domain occurs in a small region close to the
runner leading edge due to the impingement of the flow,
while the mean value is y+mean ∼ 1.
The swirl generator shown in Figure 1(a) including
the upstream pipe, guide vanes, runner and conical dif-
fuser was studied using the URANS method (Javadi
et al., 2016). The bulk velocity corresponding with the
constant discharge was used for inlet in the URANS
simulations. The computational domain in this study
includes the guide vanes, runner and conical diffuser.
The inlet data for velocity and turbulence quantities is
extracted from the previously published URANS results
(Javadi et al., 2016) upstream of the guide vanes (see
Figure 1), and reconstructed by spline curves. For the
velocity at the walls, the no-slip condition is applied.
The homogeneous Neumann condition is applied for the
pressure. The pressure is fixed in a large cell close to the
outlet of the draft tube where the pressure fluctuations
are expected to be negligible. The turbulence quantities
are treated with the homogeneous Neumann condition
at the outlet boundary. The inletOutlet condition, which
is a homogeneous Neumann condition for outgoing flow
while blocking the incoming flow, is applied at the outlet
boundary for the velocity.
3. Results and discussion
There are two properties that should be addressed to
decrease the pressure pulsation and the size of the on-
axis recirculation region. First and foremost, the swirl
should decrease, i.e. the tangential velocity close to the
runner crown should be controlled. Javadi et al. (2016)
studied the swirl generator at various flow regimes and
demonstrated that the size of the vortex rope, size of
the on-axis stagnant region and the pressure pulsation
are directly related to the tangential velocity close to the
runner crown. Secondly, the wake of the runner crown
inevitably forms an on-axis recirculation region, which
should be minimized. An applicable control technique
Table 1. Details of slot continuous jets components given by (U+r ,U
+
θ ,U
+
a ).
Runner
Operating rotational Angle of injection, Momentum ﬂux,
condition Jet Position speed (rpm) Qjet/Q tan−1 Uθ /Ua (◦) ρUnA·U
C1 (0,−2.62, 1.31) Jet 1 920 0.027 −63 4.0
C2 (0,−2.62, 2.62) Jet 1 920 0.037 −45 5.5
C3 (0, 2.62, 1.31) Jet 1 400 0.027 45 4.0
C4 (0,−2.62, 1.31) Jet 2 920 0.018 −45 2.7
C5 (0,−2.62, 3.93) Jet 2 920 0.056 −34 25.2
C6 (0, 2.62, 1.31) Jet 2 400 0.018 63 2.7
C7 (0, 2.62, 3.93) Jet 2 400 0.056 34 25.2
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Figure 2. Contour of axial mean velocity, U+a , for 920 rpm.
should target both issues and be reasonably practical.
Figure 2 shows the axial mean velocity contour in the
draft tube. Figure 2(a) shows that the jet in C1 stays
attached to the runner crown. If the jet is strong enough
to proceed out of the boundary layer, it acts in a manner
similar to that of a wall-mounted bluff body and creates
its own wake, see Figure 2(b). This feature is undesir-
able from the point of view of flow control, because it
intensifies the wake of the crown.
The survey axes, S+ at cross sections W0–W2 (see
Figure 1), are normalized by the throat radius, Rthroat =
0.05m, and the velocity is non-dimensionalized by the
throat bulk velocity, Ub = 3.81m/s. The survey axes are
zero at the wall and perpendicular to the wall. The sur-
vey axes extend all the way to the other side of the draft
tube at cross sections W1 and W2, where they approach
the wall at an angle. The averaging is determined over 15
complete runner revolutions.
Figure 3 shows the axial, U+a , and tangential, U
+
θ ,
mean velocity distributions for 400 rpm and different
flow configurationswith andwithout flow control at cross
sections W0–W2. The positive axial direction is down-
ward and the runner rotates in the positive direction
based on the rule of thumb. The base flow contains a
strong vortex, which counter-rotates the runner. To con-
trol the vortex rope, the tangential components of the
jets are positive. Figure 3 shows that C3 significantly
decreases the tangential velocity at cross sectionsW1 and
W2 . The swirl decreases more effectively by a jet at posi-
tion 1, hereafter Jet 1, than at position 2 (hereafter Jet
2, see positions in Figure 1(b)). It can be seen that the
increased axial component of C7 compared to C6 has no
significant impact, suggesting that the tangential jet com-
ponent plays more important role than the axial one. The
Figure 3. Axial, U+a , and tangential, U
+
θ , mean velocity for 400 rpm and diﬀerent cases: solid line, C3;+++, C6; dashed line, C7;×××,
no jet; 
 
 
, base ﬂow experiment.
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Figure 4. Axial, U+a , and tangential, U
+
θ , mean velocity for 920 rpm and diﬀerent cases: solid line, C1; +++, C2; dashed line, C4;
dash–dotted line, C5;×××, no jet; 
 
 
, base ﬂow experiment.
jets do not control the recirculation region remarkably
because the swirl is very strong at this rotational speed.
Figure 4 shows the axial, U+a , and tangential, U
+
θ ,
mean velocity distributions for 920 rpm and different
flow configurationswith andwithout flow control at cross
sections W0–W2 . The base flow contains a strong vor-
tex, which co-rotates with the runner. To control the
vortex, the tangential components of the jets are set neg-
ative. Figure 4(a) shows that all jets significantly affect the
axial velocity at W1, while C1 and C4 decrease the tan-
gential velocity more remarkably than the other cases.
Interestingly, C1 affects the axial velocity more than C4
at W1. Thus, the swirl is decreased by the jets at both
positions for 920 rpm. The jets in C2 and C5 do not
decrease the tangential velocity at W1. At W2, the jets in
C1 and C4 decrease the size of the recirculation remark-
ably, see Figure 4(b). The jet in C1 stays attached to the
hub and increases the momentum in the boundary layer
(see Figure 2) and decreases the size of recirculation,
while the jet in C2 separates from the runner crown. Jets
at position 2 affect the recirculation region less than those
at position 1 because the swirl significantly increases in
the flow around the crown tip. Thus, the jets at position
2 modify the axial component very much at W1, while
there is still a large recirculation region at W2.
Figure 5. Phase-averagedpressure for 920 rpmofbaseﬂowmea-
sured at PT1 and PT2 in the draft tube. The proﬁles of PT1 are
moved 0.01 vertical units downwards.
Figure 5 presents the phase-averaged pressure at
two pressure taps in the draft tube. The instantaneous
dynamic pressure is probed and averaged at 920 rpm for
base flow. PT1 is located on the wall at the throat and PT2
is 100mmaxially downstreamof the first tap. The profiles
show the unsteady periodic behaviour of the flow which
is influenced mainly by the vortex rope. The pressure at
the two taps are in 180◦ phase lag. The pressure loss is
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0.5 kPa between the two taps, which is reasonably well
predicted by DDES-SA.
Figure 6 shows the root mean square of axial, u′+a,rms,
and tangential, u
′+
θ ,rms, velocity fluctuation for 400 rpm
and different flow configurations with and without flow
control at cross sections W1–W2. It can be seen that the
velocity fluctuations are decreased by the jets. The jet
in C3 decreases the velocity fluctuations more than the
other cases, and the jet in C6 has the lowest effects on
the velocity fluctuations, see Figure 6(a). It is worth men-
tioning that the jets decrease the level of shear between
the on-axis recirculation region and the outer part of the
flow. The turbulence decay is decreased by the effective-
ness of the jets. This means that the decay of the velocity
fluctuations in C3 between cross sections W1 and W2 is
lower than those of the other cases. The tangential veloc-
ity fluctuation in C6 and C7 presents an on-axis peak.
The controlled vortex by jets at position 2 is more on-axis
than that of jets at position 1 because the issuing jet from
the crown tip limits the spatial oscillation of the vortex
rope. Thus, it gives an on-axis peak of tangential velocity
fluctuation at cross section W2, see Figure 6(b).
Figure 7 shows the root mean square of axial, u′+a,rms,
and tangential, u
′+
θ ,rms, velocity fluctuations for 920 rpm
and different flow configurations with and without flow
control at cross sections W1-W2. It can be seen that
the jets decrease the velocity fluctuations at W1, see
Figure 7(a), in the same trend as discussed for the mean
velocity distribution. AtW1, the axial velocity fluctuation
highly is decreased by jets in C1 and C4 and the tangen-
tial velocity fluctuation decreases by jets in C1, C2 and
C4, see Figure 7(a). The jet in C5 has the least effects
on the velocity fluctuations among the cases. Jets at posi-
tion 1 affect the size of the recirculation region and the
velocity fluctuations more than those of jets at position 2.
The more effective jet presents a lower level of decay of
velocity fluctuations in the draft tube.
Figures 8 and 9 show the q-criterion for different jets
for 400 and 920 rpm, respectively. In the case of ‘No jet’
there is a strong vortex rope, see Figures 8(a) and 9(a).
Figure 6. Root mean square of axial, u
′+
a,rms, and tangential, u
′+
θ ,rms, velocity ﬂuctuation for 400 rpm and diﬀerent cases: solid line, C3;+++, C6; dashed line C7; 
 
 
, jet.
Figure 7. Root mean square of axial, u
′+
a,rms, and tangential, u
′+
θ ,rms, velocity ﬂuctuation for 920 rpm and diﬀerent cases: solid line, C1;+++, C2; dashed line, C4; dash–dotted line, C5; 
 
 
, jet.
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Figure 8. Iso-surface of q-criterion, q = 50,000, for diﬀerent jets, 400 rpm.
Figure 9. Iso-surface of q-criterion, q = 50,000, for diﬀerent jets and 920 rpm.
The flow control technique affects the size of the vor-
tex rope remarkably. Jets at position 1 reduce the size of
the vortex rope significantly, see Figures 8(b) and 9(b).
Jets at position 2 reduce the size of the vortex rope while
still keeping its plunging motion, see the lower parts of
Figures 8(c) and 9(c).
Figure 10 shows the fast Fourier transform of the
dynamic pressure probed at the on-axis point of W2 for
400 and 920 rpm. The frequency of the vortex rope in ‘No
jet’ and 400 rpm is f /frunner ∼ 1.5, see Figure 10(a). At this
operating condition, the plunging motions and disinte-
gration of the vortex rope have low pressure amplitudes
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Figure 10. FFT of dynamic pressure probed at the on-axis point of W2 for 400 and 920 rpm.
and frequencies, see Figure 10(a), in the range f /frunner =
[0 − 1]. The flow control considerably decreases the
amplitude of the pulsations. There is no dominant fre-
quency in C7, while C3 still shows a peak at a very low
frequency, see Figure 10(a). The frequency of the vor-
tex rope in ‘No jet’ and 920 rpm is f /frunner ∼ 1. At this
operating condition, the plunging motion has a strong
pressure pulsation at a low frequency, see Figure 10(b).
The flow control considerably decreases the pressure
amplitude of the structures. The flow in C1 shows very
small pressure pulsations. The vortex rope for 400 rpm
is stronger than that for 920 rpm. The jets with stronger
components would affect the recirculation region more
remarkably at 400 rpm.
Figures 11 and 12 show the temporal power spec-
tral density at the on-axis point of W2 for 400 and
920 rpm, respectively. Figure 11(a) shows that there is
a peak at f /frunner ∼ 1.5 due to the strong vortex rope.
There are other periodicities related to the wakes of the
blades at f /frunner ∼ 10. Figure 11(b) confirms that there
is no vortex rope in C3. Figures 11(c) and 11(d) show
a peak in the vortex rope region which is less strong
than that for the ‘No jet’ condition. It is noteworthy
that the jets at position 2 decrease the size of the vor-
tex rope but do not remove it. Instead, C6 and C7 cre-
ate lots of small-scale structures with high frequencies
in the dissipation regions. Figure 12 shows that the jets
decrease the energy of the vortex rope significantly. Since
the level of swirl for 920 rpm is lower than that for
400 rpm, the jets are capable of remarkably decreasing
the tangential velocity. Table 2 shows the integral length
scale in both operating conditions and for all the cases,
based on an integration of the auto-correlation over the
entire temporal domain. The auto-correlation is defined
Figure 11. Temporal power spectral density probed at the on-axis point of W2, 400 rpm.
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Figure 12. Temporal power spectral density probed at the on-axis point of W2, 920 rpm.
Table 2. Integral length scale for diﬀerent operating conditions.
Operating No jet, No jet,
condition 400 rpm 920 rpm C1 C2 C3 C4 C5 C6 C7
Lint(cm) 12 9.5 1.5 3.3 7.8 8.4 7.8 7.2 9.8
by
ACF(tˆ) = u′(t)u′(t + tˆ ), (5)
where u′ is velocity fluctuation and tˆ is the time sep-
aration. If the mean flow is steady, the ‘time direction’
is homogeneous and ACF is independent of time. The
normalized ACF reads
ACFnorm(tˆ) = 1
u′2
u′(t)u′(t + tˆ ). (6)
In this analogy to the integral length scale, Lint, the inte-
gral timescale is defined as
Tint =
∫ ∞
0
ACFnorm(tˆ ) dtˆ. (7)
The time length scale represents the timescale of large
energy-containing eddies. The vortex rope for 400 rpm
has an integral length scale of Lint = 12 cm, which is
larger than Lint = 9.5 cm for 920 rpm. Thus, the 400 rpm
condition needs stronger jets to control the vortex rope
and the recirculation region. It can be seen that the
integral length scales are reduced. The smallest scale is
in C1 with Lint = 1.5 cm.
4. Conclusions
The vortex rope in flows very similar to those of a
Fracis turbine is controlled by continuous circumferen-
tial slot jets at the runner crown. The numerical results
of flow fields with active flow control using DDES-SA
are compared with validated numerical results without
active flow control. Seven jets are studied, with different
momentum fluxes, angle of injection and positions. It is
shown that
• for 400 rpm, C3, the jet with (U+r ,U+θ ,U+a ) =
(0, 2.62, 1.31) at position 1, shrinks the vortex rope
more than do C6 with (0, 2.62, 1.31) and C7 with (0,
2.62, 3.93) at position 2;
• for 920 rpm, C1 is the jet with (0, −2.62, 1.31) and
C2 is the jet with (0, −2.62, 2.62) at position 1. They
shrink the vortex rope more effectively than do C4
with (0, −2.62, 1.31) and C5 with (0, −2.62, 3.93) at
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position 2, because the swirl at position 2 is stronger
than that at position 1;
• the jet at position 1 decreases the pulsations and pos-
sibly prevents vortex breakdown, while the jet at posi-
tion 2 is less effective;
• the tangential component of the jet is more important
than the axial component of the jet in making the jet
more effective at flow control.
The jet in C1 is the most effective case in prevent-
ing vortex breakdown and mitigating the pulsations, and
thus decreasing the velocity fluctuations.Hence, injecting
a continuous circumferential slot jet in a direction oppo-
site to that of the main swirl of the flow is remark-
ably effective in both preventing vortex breakdown and
shrinking the vortex rope. Momentum flux, jet angle and
jet position are decisive factors in the effectiveness of the
technique. These factors depend on the operating con-
dition and should be optimized by a feedback-control
system, which is for future work.
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